Plasmid pGBM124, which contains a 14-kb Sablonella typhi chromosomal DNA fragment capable of producing the Vi antigen in Escherichia coli HB101 and ViaB-deleted S. typhi GIFU 10007-3, was studied. We determined the complete nucleotide sequence of this fragment and found 11 open reading frames. Mutagenesis, subcloning, and complementation analysis showed that three genes (vipA, vipB, and vipC) are involved in biosynthesis of the Vi polysaccharide. The putative primary amino acid sequence suggests that both vipA and vipB encode the NAD-or NADP-dependent enzymes to synthesize the nucleotide sugar for the Vi polysaccharide. Five genes (vexA, vexB, vexC, vexD, and vexE) may be involved in translocation of the Vi polysaccharide.
Salmonella typhi is the causative agent of typhoid fever, a characteristic severe septic illness seen exclusively in humans. The capsular polysaccharide, called the Vi antigen, has been focused upon as a virulence factor because strains isolated from the blood of patients with typhoid fever invariably possess this antigen (39) and Vi-positive strains are more virulent than Vi-negative mutants on the basis of experiments conducted on human volunteers (18) . The Vi polysaccharide is a homopolymer of N-acetylgalactosamine uronic acid (15) . The Vi polysaccharide is expressed by S. typhi, Citrobacter freundii, and some other serogroups of salmonellae (2, 8) . Production of the Vi antigen is controlled by two chromosomal loci, ViaA and ViaB (24) . The ViaA locus was found in Escherichia coli and other Salmonella serovars (23) . Thus, the ViaB region is believed to consist of the structural genes specific for Vi antigen expression.
Enterobacteria have a large variety of capsular polysaccharides. On the basis of chemical composition and some other properties, these capsular polysaccharides are divided into groups I and 11 (22) . In general, group I capsules have a high molecular weight, contain gluconic acid as an acidic component, and are coexpressed with specific 0 polysaccharides. Capsular polysaccharides of Klebsiella strains belong to group I. Group II capsules, such as K1 and KS of E. coli, have a relatively low molecular weight and contain a variety of acidic components. Capsules of Haemophilus influenzae and Neisseria meningitidis belong to group II. Of these various capsules, K1 and KS of E. coli, type b of H. influenzae, and groups B and C ofN. meningitidis have been extensively studied genetically (5, 9, 27, 28, 37, 44) . These capsular polysaccharides are synthesized in the cytoplasmic membrane, translocated to the periplasm across the inner membrane, and assembled on the cell surface after translocation across the outer membrane. A common genetic orga- MOLECULAR derivatives (pT1 to pT15) were described previously (12) . The subclones, deletions, and fill-in derivatives of pGBM124 were prepared as follows ( Fig. 1) . A 2.2-kb NruI(a)-NruI(b) fragment from pGBM124 carrying open reading frame 7 (ORF7) and ORF8 was inserted into the NruI site of pACYC184 (6) . Among the resulting plasmids, one with ORF7 and ORF8 in the same direction as the tet promoter of pACYC184 was designated pGBM262. A 6.0-kb NcoI(a)-NcoI(b) fragment from pGBM124 carrying ORF3 to ORF5 was inserted into the NcoI site of pACYC184. Among the resulting plasmids, one with ORF3 to ORF5 in the same direction as the chloramphenicol resistance gene promoter of pACYC184 was designated pGBM161. A 3. ( Fig. 1 and 2 (13) . The spacing between these putative -10 and -35 sequences was 17 bp. Characterization of insertion mutants, subclones, and deletions of pGBM124. To characterize the 14-kb region of pGBM124 further, we prepared subclones, deletions, and fill-in derivatives of pGBM124 as described in Materials and Methods and characterized them after transformation into E. coli HB101. The results are shown in Table 1 . In cells harboring both pGBM151 and pGBM161, the intracellular Vi polysaccharide was detected by double immunodiffusion with the anti-Vi MAb (Fig. 3) , although each of them did not confer the ability to synthesize the Vi polysaccharide on E. coli HB101. Thus, the 8.7-kb EcoRI(a)-NcoI(b) fragment (ORF1 to ORF5), corresponding to fragments inserted in pGBM151 and pGBM161, had all of the genetic information required for synthesis of the Vi polysaccharide. This also indicated that ORF6 to ORF11, located on the other region of pGBM124, are not directly involved in synthesis of the Vi polysaccharide. Cells harboring pGBM170, in which a part of ORF10 is deleted, were not agglutinated by the anti-Vi MoAb but contained the intracellular polysaccharide (Fig.  3) . Thus, ORF10 may be involved in translocation of the Vi polysaccharide. The TnS insertion sites of mutants 14 and 15, which could not translocate the Vi polysaccharide to the cell surface, are located in ORF7 and ORF9, respectively. Insertion mutant 14 was complemented by pGBM262, containing ORF7 and ORF8.
To determine whether ORFi and ORF2 are necessary for synthesis of the Vi polysaccharide, we prepared two fill-in derivatives of pGBM151 (pGBM200 and pGBM201) with a mutation in ORFi or ORF2, respectively. In cells harboring both pGBM201 and pGBM161, the Vi polysaccharide was not detected by double immunodiffusion (Fig. 3) . However, cells harboring both pGBM200 and pGBM161 contained the intracellular Vi polysaccharide (Fig. 3) . Thus, ORF2 was necessary for synthesis of the Vi polysaccharide but ORFi may not be involved. The TnS insertion sites of mutants 4 and 5 were localized in ORF3, and these mutants were complemented by plasmid pGBM270, which contained only a complete ORF3. Thus, ORF3 was involved in biosynthesis of the Vi polysaccharide. The TnS insertion sites of mutants 11, 12, and 13 were localized on ORF5. These mutants were complemented by pGBM161, which contains ORF3, ORF4, and ORF5, but not by ORF6 to ORF11 downstream of ORFS. Thus, ORF5 was also involved in biosynthesis of the Vi polysaccharide.
Insertion mutants 6 to 10, between regions 1 and 2, were ORF4 mutants. These mutants were weakly agglutinated with the anti-Vi MAb. The cell extracts of these strains gave a faint and broad line of precipitation against the anti-Vi MAb, and this line was not fused with the line of pGBM124 (Fig. 3) . Thus, this antigen probably had the partially antigenic property of the Vi antigen and these mutants may not express a mature Vi polysaccharide. Thus, ORF4 may be required for maturation of the Vi polysaccharide.
Gene product analysis. To confirm the expression of proteins predicted by the nucleotide sequence data, pGBM124 derivatives were subjected to in vitro transcription-translation (51 and European Molecular Biology Laboratory (SWISS-PROT) protein data bases, updated to December 1992, by using the algorithm for sequence alignment developed by Lipman and Pearson (32) . Over 406 amino acids, protein VipA showed 22.2% identity to the enzyme GDP-mannose dehydrogenase (42), a key enzyme in alginate biosynthesis by mucoid Pseudomonas aeruginosa (Fig. 5 ). Their N-terminal sequences were highly conserved. An identity of 66.7% was observed between amino acids 7 to 18 of the VipA sequence and the corresponding GDP-mannose dehydrogenase sequence. The VipB protein showed limited similarity to UDP-glucose 4-epimerase from prokaryotic (1, 31, 38) and eukaryotic (7, 50) origins. There was 28.9% identity of VipB and UDP-glucose 4-epimerase from E. coli (31, 33) over 211 amino acids (Fig. 5) . In particular, amino acids Arg-17 to Asp-46 of VipB showed 48.3% identity to the predicted NAD-binding Pap-fold sequence of UDP-glucose epimerase proposed by Wyk and Reeves (49) .
The deduced amino acid sequences of VexA, VexB, VexC, and VexD showed moderate similarities to the sequences of components involved in translocation of group II capsular polysaccharides (BexABCD [28] viaA corresponds to rcsB, which encodes a transcriptional ORF11-encoded sequences showed any significant similarity regulator for capsular synthesis of E. coli (10) , and that Vi to previously reported proteins.
expression is controlled by the rcs regulatory system. The Serum resistance. Vi-strain GIFU 10007-3, harboring ViaB region is believed to consist of the structural genes only vector plasmid pHC79, was killed in 90% serum after 15 specific for Vi antigen expression, but it is not well characmin (Fig. 6) . Vi+ strains GIFU 10007 and GIFU 10007-3, terized. To investigate the function of the ViaB region, we harboring pGBM124, were almost identical in serum resiscloned and determined the complete nucleotide sequence of tance. More than 50% of the Vi+ strain organisms survived the ViaB region from S. typhi. after 15 min, and about 10% of them survived even after 60
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MDHM IKIVIAJVILGIASIGGIGQPLSLLLEKNSPL--VSRLTrnYD (48) . As VipA has no charged residues but Phe and Gly residues in these positions (Fig. 7) (49) . This sequence of VipB is also similar to the fingerprint sequence (Fig. 7) , except for an amino acid insertion between 1 and aA, i.e., Ala-24. As porcine heart and E. coli malate dehydrogenases (4, 11, 40) , which are known to have a NADbinding bad fold, also have an amino acid insertion at the same position (Fig. 7) , the insertion at this position is not necessarily unfavorable for formation of a P1l-aA-132 motif. Thus, protein VipB probably has a NAD-binding domain.
On the basis of primary sequence similarity and identification of a putative dinucleotide-binding site, we propose that vipA and vipB may encode the NAD-or NADPdependent enzymes required to synthesize the nucleotide sugar for the Vi polysaccharide. We identified five genes, vexA, vexB, vexC, vexD, and vexE, located in region 3 that are not involved in biosynthesis of the Vi polysaccharide. We demonstrated that at least vexE might be required for translocation of the Vi polysaccharide to the cell surface by deletion analysis. In addition, the deduced VexA, VexB, VexC, and VexD protein sequences had moderate similarities to components of the group II capsular transporter. This may indicate that vexA, vexB, vexC, and vexD are also involved in translocation of the Vi polysaccharide.
Kroll et al. (28) identified four genes, bexA, bexB, bexC, and bexD, in the cap locus of H. influenzae type b. They suggested that these genes encode the components of an ATP-driven capsular polysaccharide export apparatus, a member of a superfamily designated ATP-binding cassette transporters, which includes periplasmic binding proteindependent uptake systems of prokaryotes (20) and eukaryotic membrane translocators. These transporters generally include two highly hydrophobic integral membrane proteins and one or two hydrophilic ATP-binding proteins associated with the cytoplasmic face of the membrane. Recently, Frosch et al. (9) described four gene products, CtrA, CtrB, CtrC, and CtrD, of the ctr locus in N. meningitidis that are involved in capsular polysaccharide translocation across the outer membrane and have strong homologies to BexD, BexC, BexB, and BexA. These components fit the characteristics of ATP-binding cassette transporters. They showed that ctrA encodes an outer membrane protein and that ctrB and ctrC encode inner membrane proteins, as determined by localization of phoA fusion proteins. We found that proteins VexA, VexB, VexC, and VexD have moderate similarities to the encapsulation proteins of H. influenzae and N. meningitidis. These components of S. typhi and group II encapsulated bacteria have not only primary sequence similarity but also similar hydropathy profiles (Fig. 8) spanning domains (Fig. 8) . The VexD protein has two hydrophobic segments of nonpolar amino acids with a potential membrane-spanning domain, Leu-84 to Ala-109 and Trp-400 to Ile-418. The vexB and vexD gene products may encode integral membrane proteins. VexC is a relatively hydrophilic protein (Fig. 8) and has the putative ATPbinding site GXGKT (17) 
